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The single nanobelt simpliﬁed as transversely isotropic is modeled by three dimension element during
the modeling of ﬁnite element method (FEM), and the mechanical constants of ZnS nanobelt are obtained
by combining nanoindentation test and FEM. In the forward analysis, the numerical loading curves at the
appropriate penetration depth are simulated by using the purely mechanical indentation (PMI) and pie-
zoelectric indentation (PI) modes to extract the numerical maximum indentation load and numerical
loading curve exponent, and they are used to establish the dimensionless equations related with the
mechanical constants of nanobelt by ﬁtting the mechanical constants vs numerical maximum indenta-
tion load and numerical loading curve exponent curves. In the reverse analysis, the experimental inden-
tation curve performed on ZnS nanobelt is ﬁtted as the power function to obtain the maximum
indentation load and the loading curve exponent and they are substituted into the dimensionless equa-
tions to solve the mechanical constants of the nanobelt. In order to verify the validity, the mechanical
constants are inputted into ABAQUS software to obtain the computational loading curves under PMI
and PI modes, and they are in good agreement with the experimental indentation curve of ZnS nanobelt.
The combination solutions of mechanical constants under PMI mode is of larger total error than those
under PI mode, and it indicates that the piezoelectric effect should be reasonably considered into the
developed method, which is effective to determine the mechanical property of single nanobelt.
 2012 Elsevier Ltd. All rights reserved.1. Introduction
One-dimensional (1D) nanomaterials like nanobelts (Chen et al.,
2004), nanotubes (Iijima, 1991) and nanowires (Desai & Haque,
2007) are potential materials for future nanoscale sensors and
actuators. Due to the unique length scale, the nanobelts exhibit
superior mechanical properties and other length scale dependent
phenomena, and they have a distinct structural morphology char-
acterized by a rectangular cross section and a uniform structure
(Bai et al., 2003). As a widely used semiconducting materials with
the large exciton binding energy (60 meV) and the wide band gap
(3.37 eV), zinc oxide (ZnO) nanobelts are of unique geometrical
shape and size therefore they have found wide applications in nan-
odevices, such as gas sensors (Arnold et al., 2003; Comini et al.,
2002), nanocantilevers (Wang et al., 2005) and photoelectric
switch (Yuan et al., 2011). The mechanical properties of 1D nano-
belts are of critical importance to integrate them into functional
nanodevices, because the mechanical failure of the nanobeltsll rights reserved.
nce and Engineering, Univer-
00093, PR China. Tel./fax: +86
eng).may lead to the malfunction or even failure of the entire devices
(Desai & Haque, 2007). The extremely small dimensions of 1D
nanobelts impose a tremendous challenge to many existing testing
and measuring techniques for experimental studies of their
mechanical properties. Techniques based on atomic force micros-
copy (AFM) and nanoindenter, which have high spatial resolution
and force sensing capabilities, have gained wide applications in
measuring the mechanical properties of the single nanobelt. AFM
technique was combined with nanoindenter to measure the
mechanical properties of ZnS nanobelts (Li et al., 2005), ZnO nano-
belts (Mao et al., 2003; Ni & Li, 2006) and SnO2 nanobelts (Mao
et al., 2003), by in situ indenting the nanobelts. Although the nan-
oindentation has been reported on measuring the mechanical
properties such as Young’s modulus and hardness of ZnO nano-
belts, which is regarded as a kind of homogeneous and isotropic
materials, relatively few reports on the anisotropic mechanical
properties are available for the single nanobelt in the literatures.
Generally, it is necessary that the ratio of indentation depth to ﬁlm
thickness should be less than 10% during indentation tests in order
to obtain the intrinsic nanobelt or ﬁlm properties, and the sub-
strate effect can be neglected (Lefki & Dormans, 1994; Sridhar
et al., 1999). Recently, by combining nanoindentation test and ﬁ-
Fig. 1. Nanobelt in the selected coordinate system (a), and the schematic of
nanobelt/substrate nanoindentation system (b).
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ﬁlm/nanobelt (Wang, et al., 2010a; Zheng et al., 2011) and the
mechanical constants of ZnO thin ﬁlm, which simpliﬁed as trans-
versely isotropic was modeled by two dimension axisymmetric
elements (Wang et al., 2010b) were obtained by combining nano-
indentation test and ﬁnite element method (FEM), and one ﬁfth of
nanobelt/ﬁlm thickness was chosen as moderately deep indenta-
tion so as to consider the substrate effect.
In order to consider the size effect and substrate effect, an un-
known loading curve exponent of the power function is modiﬁed
based on Kick’s law, the mechanical constants of single ZnS nano-
belt modeled by 3D elements are obtained by combining nanoin-
dentation test and FEM in this paper. In the forward analysis, the
numerical loading curves at the appropriate penetration depth
namely one ﬁfth of nanobelt thickness are simulated by using ABA-
QUS software. Generally, the electric ﬁeld induced during indenta-
tion as a result of the electrical–mechanical coupling can resist or
aid in the penetration of the indenter into the piezoelectric mate-
rial depending on the electrical conductivity of the indenter and
the surface boundary conditions of the indented material (Gian-
nakopoulos & Suresh, 1999), therefore not only stress/strain ﬁeld
but also electrical ﬁeld are considered for the piezoelectric inden-
tation (PI) mode in ABAQUS, indicating that it could offer more
accurate estimates on the unknown constants of piezoelectric
material comparing with the pure mechanical indentation (PMI)
mode. In fact, PMI and PI modes are separately corresponding to
generalized Hooke’s law and the piezoelectric constitution, and
they can’t be applied in governing equations for a certain material,
simultaneously. Thus, PMI and PI modes are separately used to
estimate the material constants, in order that one can distinguish
the inﬂuence of the electrical–mechanical coupling on simulation
results. The numerical maximum indentation load and numerical
loading curve exponent are used to establish the dimensionless
equations related with the mechanical constants, meanwhile the
supplemental equation is constructed by using the relationship be-
tween indentation modulus and the mechanical constants. In the
reverse analysis, the indentation depth curves performed on ZnS
nanobelt are ﬁtted as the power function to extract the maximum
indentation load and the loading curve exponent, and they are
substituted into the equations to solve the mechanical constants
of ZnS nanobelt. In order to verify the validity, the mechanical con-
stants are conversely inputted into ABAQUS software to obtain the
computational loading curves under PMI and PI modes, and they
are compared with the indentation curve to discuss the inﬂuence
of piezoelectric effect on the anisotropic mechanical constants of
the single ZnS nanobelt. It is worth mentioning that this research
can offer useful guidelines to the fabrication and design of nanode-
vices based on single piezoelectric nanobelt.2. Indentation and material models
2.1. Indentation model
1D nanobelt is perfectly bonded to a substrate and loaded by an
axisymmetric rigid indenter as shown in Fig. 1 and 1D nanobelt is
simpliﬁed as transversely isotropic (Sridhar et al., 1999). The rect-
angular coordinate system is introduced, and the x1–x2 plane is as-
sumed as the transversely isotropic plane while the x3 axis is the
rotational symmetry axis in Fig. 1(a). Here, the subscripts 1 and 2
denote for T transverse directions while the subscript 3 denotes
for L longitudinal direction. The nanobelt/substrate nanoindenta-
tion system is schematized in Fig. 1(b). The rigid axisymmetric in-
denter is regarded as a cone with the apex angle a and a perfect
electric insulator with a known radial distribution of electric
charge at the surface, and P, a and h are the indentation load, theradius of indentation contact region and the indentation depth. w
and t are width and thickness of 1D nanobelt. R and H are radius
and thickness of substrate. Generally, indentation maps are con-
structed to display the competing regimes of deformation mode:
elastic, elastic–plastic, plastic similarity solution, elastic-ﬁnite
deformation, and plastic-ﬁnite deformation, and the effects of fric-
tion are examined for the limiting cases of a frictionless and a
sticking indenter (Sinisa and Norman, 1999; Edlinger et al.,
1993). Since ZnS nanoblet is considered as nonlinear elastic during
ﬁnite element procedure in forward analysis, the interface be-
tween the indenter and the specimen is assumed to be frictionless.
On the other hand, the friction is usually weak during the indenta-
tion test therefore no friction is considered at the interface be-
tween the indenter and nanobelt (Cheng & Cheng, 2004; Lefki &
Dormans, 1994; Sridhar et al., 1999).2.1.1. Governing equations
For transversely isotropic piezoelectric materials, the constitu-
tive equations can be represented as (Wang et al., 2010b)
ekl ¼ sklijrij þ diklEi
Dk ¼ dkijrij þ nkiEi
; ði; j ¼ 1;2;3; k; l ¼ 1;2;3; Þ ð1Þ
where sklij is the elastic compliance constants, dkij the piezoelec-
tric coefﬁcients, nki the dielectric constants. The elastic compliance
matrix can be written as (Nakamura & Gu, 2007; Wang et al.,
2010b)
½sklij ¼
1=ET mT=ET mLT=EL 0 0 0
mT=ET 1=ET mLT=EL 0 0 0
mTL=ET mTL=ET 1=EL 0 0 0
0 0 0 1=GT 0 0
0 0 0 0 1=GL 0
0 0 0 0 0 1=GL
2
666666664
3
777777775
ð2Þ
where ET is the transverse Young’s modulus, EL the longitudinal
Young’s modulus, GT the transverse shear modulus, GL the longitu-
dinal shear modulus, mT the Poisson’s ratio in the transversely iso-
tropic (x1–x2) plane as shown in Fig. 1(a). mTL + mLT = 2mT has the
physical interpretation of the Poisson’s ratio that characterizes the
strain in the x1–x2 plane resulting from stress normal to it, and mLT
characterizes the longitudinal strain in the direction normal to the
transversely isotropic plane resulting from stress in the x1-x2 plane.
The Poisson’s ratios mTL + mLT = 2mT and mLT are related as
mTL
ET
¼ mLT
EL
ð3Þ
The transverse shear modulus GT can be expressed as
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The substrate is assumed as a linear elastic isotropic materials
characterized by Young’s modulus ES and the Poisson’s ratio mS
(Zhao et al., 2007).
2.1.2. Boundary conditions
Within the contact area of the conical indenter in Fig. 1(b), the
downward displacement u2 is given as follow (Wang et al., 2008)
u2ðx1; 0; x3Þ ¼  h
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
x21 þ x23
q
cota
 
; 0 6
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
x21 þ x23
q
6 a
 
ð5Þ
For the conical indenter, since friction has a negligible effect on
the nanoindentation process (Edlinger et al., 1993), thus one can be
expressed as
s12 ¼ s23 ¼ 0; ðr P 0Þ ð6Þ
There is no normal stress outside the contact region and it can
be written as
r22 ¼ 0; ðr > aÞ ð7Þ
The indenter is a perfect electrical insulator with a zero electric
charge distribution. The electric charge distribution at the surface
is zero and it can be given as
D2ðx1; 0; x3Þ ¼ 0;
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
x21 þ x23
q
> a
 
ð8Þ2.2. Simpliﬁcation of material model
Generally, the mechanical and electrical properties of the trans-
versely isotropic piezoelectric materials can be especially de-
scribed by ﬁve independent mechanical constants ET, EL, GL, mT
and mTL, three piezoelectric coefﬁcients e15, e31 and e33, and two
dielectric constants n11andn33 (Giannakopoulos & Suresh, 1999).
As for the transversely isotropic materials without piezoelectric ef-
fect, the elastic properties can be only described by ﬁve indepen-
dent mechanical constants, and it is difﬁcult to determine all the
unknown mechanical constants ET, EL, GL, mT and mTL (Nakamura &
Gu, 2007). A few of assumptions are conducted to simplify material
model, so the total number of independent mechanical variables
should be reduced before determining the mechanical parameters.
When 1D nanobelt is simpliﬁed as a kind of transversely isotropic
materials, the Poisson’s ratio mT can be assumed as 0.3 (Bocciarelli
et al., 2005). The Poisson’s ratios mTL + mLT = 2mT and mLT are related
as mTL + mLT = 2mT (Nakamura & Gu, 2007). When the piezoelectric
and dielectric constants of the transversely isotropic 1D nanobelt
are taken as the known constants, ABAQUS software under PMI
and PI modes can be conveniently used to simulate the numerical
loading curve in order to establish the dimensionless equations.
Namely, the mechanical constants of the transversely isotropic
1D nanobelt can be characterized by the independent unknown
mechanical constants ET, EL and GL, and the simpliﬁed simulation
results under PMI and PI modes can reﬂect the inﬂuences of the
piezoelectric effect on characterization of mechanical constants
in the preliminary study.
3. Dimensionless analysis
For an idealized transversely isotropic bulk material, the load-
ing part of the indentation curve from a conical indentation test
obeys a quadratic relationship F = Ch2, where C is the loading cur-
vature, F the indentation load, h the indentation depth, and it is de-
rived from theory analysis (Kick, 1985; Zhao et al., 2007). From theprevious nanoindentation test perform single ZnS nanobelt, the
loading curvature of 1D nanobelt is larger than those of thin ﬁlm
and bulk material (Zheng et al., 2011), and it is attributed to the
size effect of 1D nanobelt. The quadratic relationship doesn’t accu-
rately describe the indentation response of 1D nanobelt, so it is de-
scribed by the power function F = Chn, in which the power
exponent n is deﬁned as the impact factor to reﬂect the size effect.
Then the relationship between indentation load F and indentation
depth h can be rewritten as (Wang et al., 2010a,b; Zheng et al.,
2011)
F ¼ Fmax hhm
 n
ð9Þ
where Fmax and hm are the maximum indentation load and the cor-
responding maximum penetration. According to the previous re-
sults of transversely isotropic ﬁlm/nanobelt indentation (Wang
et al., 2010b), the maximum indentation load Fmax and the loading
curve exponent n should be the functions of the material parame-
ters, such as the mechanical constants ET, EL and GL, the substrate
elastic parameters ES and mS, the geometric parameters including
ﬁlm/nanobelt thickness t and width w, and the maximum indenta-
tion depth hm. Namely, they can be expressed as follows
Fmax ¼ /0ðET ; EL;GL; ES; mS; t;w;hmÞ ð10Þ
x ¼ w0ðET ; EL;GL; ES; mS; t;w;hmÞ ð11Þ
In this paper, the maximum indentation depth hm is ﬁxed as one
ﬁfth of the belt thickness t and the ratio hm/t is one ﬁfth. It is easy
to know the parameters of 1D nanobelt t, w and hm by using nan-
oindentation technique. The substrate is silicon in this article and
its Young’s modulus ES and Poisson’s ration mS are 130GPa (Shan
and Sitaraman, 2003) and 0.3 (Tunvisut et al., 2001). Therefore,
they are regarded as known constants in order to simulate the
numerical loading curve, in which the numerical maximum inden-
tation load and numerical loading curve exponent can be extracted
during the forward analysis.
Applying Buckingham Pi theorem to Eqs. (10) and (11), they can
be written as dimensionless form
Fmax
ESh
2
m
¼ / ET
ES
;
EL
ES
;
GL
ES
 
ð12Þ
n ¼ w ET
ES
;
EL
ES
;
GL
ES
 
ð13Þ
The elastic properties of transversely isotropic nanobelt can be
described by the independent unknown mechanical constants EL,
ET and GL. In addition, the indentation modulus GL/ES is the
weighted average of the mechanical constants of anisotropic mate-
rials along the different orientations and it is deﬁned as (Nakamura
& Gu, 2007; Wang et al., 2010a)
Em ¼ EL þ ET2 ð14Þ
Generally, the unloading part of the indentation curve can re-
ﬂect factual and comprehensive information of indented materials,
such as plastic deformation, the expansion of surface and subsur-
face cracks during the indentation loading process, therefore GL/
ES is traditionally determined by the unloading part slope of inden-
tation curve at the maximum indentation load according to the
well-established Oliver and Pharr method. Although it is difﬁcult
to simulate the unloading part of the indentation curve by using
commercial package, one can easy to obtain the numerical loading
curve under the simpliﬁed idealization through ABAQUS (Hibbitt
et al., 2009). At the appropriate penetration depth the numerical
maximum indentation loads and numerical loading curve expo-
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lish the dimensionless Eqs. (12) and (13), and the mechanical con-
stants EL/ES, ET and GL can be determined by solving Eqs. (12)–(14).Fig. 2. The ﬁnite element meshes of axisymmetrical models with 20 elements
through thickness of the nanobelt (a) and the numerical loading curves obtained by
axisymmetrical models (b).4. Forward analysis
4.1. Finite element procedure
Numerical indentation experiments performed on the nanobelt/
substrate nanoindentation system schematized as Fig. 1(b) are
simulated by using commercial numerical ﬁnite element package
ABAQUS (Hibbitt et al., 2009). The ZnS nanobelt is of the width
450 nm and thickness 140 nm. The piezoelectric coefﬁcients and
the relative dielectric constants are obtained by ﬁrst-principles cal-
culation and computational modeling for zinc blende ZnS, and they
are regarded as known parameters as e15 = 0.08 C/m2,
e31 = 0.10 C/m2, e33 = 0.34 C/m2 (Catti et al., 2003) and
j11 = 6.67, j33 = 6.90 (Wright and Gale, 2004). In factor, during
the simulation the projected contact areas are A = ph2 tan 2a for a
conical indenter and A = 24.56h2 for a Berkovich indenter. When
the corresponding the apex angle a of the equivalent cone is cho-
sen as 70.3, the projected area/depth of a cone equals to that of
a Berkovich indenter (Dao et al., 2001). A Bercovich indenter was
used to perform the experimental indentation in this research,
therefore the apex angle a of the equivalent cone is chosen as
70.3 in FEM simulation. When the optional elements, such as
the rigid, transverse isotropic and isotropic elements are selected
by using ABAQUS software for the indenter, target material and
substrate, the equivalent cone simulations are reasonable for the
Bercovich and Vickers experimental results. The indenter is re-
garded as a 2D analysis rigid and the tip is modeled as a spherical
body with the radius 50 nm to avoid the hourglassing.
The initial simulations with axisymmetrical models have been
performed to analogically determine the type and number of ele-
ments used for 3D models in the forward analysis. In axisymmet-
rical modeling, there are 10, 20 and 40 elements for the reduced
integration element (CAX4R) and 20 elements for the incompatible
modes element (CAX4I) through thickness of the nanobelt, and the
typical ﬁnite element mesh of nanobelt with 20 elements is sche-
matized as Fig. 2(a). At ﬁxed EL /ES = 0.27 and GL /ES = 0.19, the com-
binations ET /ES = (0.08,0.23,0.35,0.46,0.62) are chosen as input
parameters, and the representative numerical loading curves are
shown in Fig. 2(b). As for CAX4R, comparing with 20 elements
(black solid lines) through thickness of the nanobelt the normal-
ized indentation loads are very close to those of 40 elements (blue
circles) however they are larger than those of 10 elements (red
squares). It indicates that the same accurate results of the normal-
ized indentation load can be obtained more than or equal to 20 ele-
ments through thickness of the nanobelt, and it is sufﬁcient to
capture the large deformation caused by indentation in this case.
On the other hand, from Fig. 2(b) there is good agreement with
the numerical loading curves for CAX4I (pink triangle) and CAX4R
(black solid lines) with 20 elements through thickness of the nano-
belt, and it indicates that the reduced integration elements CAX4R
can achieve the accurate results as same as the incompatible ele-
ments CAX4I. According to the initial simulations with axisymmet-
rical models, the reduced integration elements C3D8R with 20
elements through thickness of the nanobelt can be analogously ex-
pected to achieve the accurate results as same as the incompatible
elements C3D8I, therefore they should be used to avoid locking un-
der large shear and capture the large deformation caused by inden-
tation for 3D models simulation.
We independently adopt PMI and PI modes to obtain the
numerical loading curves of the nanobelt during ﬁnite element
procedure in forward analysis. The element codes C3D8R andC3D8E are deﬁned as the 8-node linear, and they are corresponding
to the reduced integration solid element and reduced integration
piezoelectric element. When the optional elements, such as the ri-
gid, transverse isotropic and isotropic elements are selected by
using ABAQUS software for the indenter, target material and sub-
strate, the equivalent cone simulations are reasonable for the
Bercovich and Vickers experimental results. The indenter is re-
garded as a 3D analysis rigid and the tip is modeled as a spherical
body with the radius 50 nm to avoid the hourglassing.
The C3D8R element for PMI mode is reduced integration solid
element, while the C3D8E element for PI mode is complete integra-
tion piezoelectric element which may suffer from ‘‘locking’’ behav-
ior. Here we use the C3D8R element to avoid the shear locking
which lead to an inaccuracy result (Cheng & Cheng, 2004; Lefki &
Dormans, 1994; Wang et al., 2010; Zheng et al., 2011). A ﬁne ﬁnite
element mesh is used in the vicinity of the contact region to obtain
the localized deformation underneath the indenter, and a coarser
mesh away is used away from the contact region to cut down
the computational work. The ﬁnite element meshes of nanobelt
and substrate are described as Fig. 3(a), and there are 50 and 20
elements along the nanobelt width and thickness. The total num-
ber of elements is 80000 for the nanobelt, and the minimum ele-
ment size is 7 nm. For the ZnS nanobelt with the thickness
140 nm, it is sufﬁcient for 20 minimum elements through thick-
ness to capture large strain gradient underneath the indentation.
The tie constraint is adopted to connect the bottom surface of
the nanobelt and the top surface of the substrate together so that
there is no relative motion between them. The indentation behav-
ior is a nonlinear process from the experimental indentation curve
Fig. 3. The ﬁnite element meshes of nanobelt and substrate (a) and the representative Von-Mises stress in contour of a numerical indentation (b).
Fig. 4. The respective numerical loading curves obtained by PMI and PI modes at
different ET/ES for the known combination of EL/ES = 0.27 and GL/ES = 0.35.
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mation. When the mechanical constants EL/ES, ET, GL and mT, the
substrate elastic parameters ES and mS, and the maximum indenta-
tion depth hm are regarded as input parameters, the numerical
loading curve reﬂects the relationship between the vertical reac-
tion force on the rigid indenter and the indenter penetration into
the nanobelt during FEM simulation.
Generally, a well-known empirical rule is that the indentation
depth should be smaller than one tenth of ﬁlm thickness at
micrometer to avoid substrate effect (Zhao et al., 2007), however
it is too shallow to extract the accurate materials properties of ex-
treme thin ﬁlm at nanometer. At ﬁrst, it is very difﬁcult to deter-
mine the contact area/depth accurately when the contact depth
is of the same order as the surface roughness. Secondly, there is
a little distinguishing with a nanoindentation force and adhesion
between the indenter tip and specimen, in order that the nanoin-
dentation force may not be properly measured by the present nan-
oindentation technique. Finally, even a brand new indenter tip is
blunt at the nanoscale, with a radius of curvature typically tens
of nanometers; thus, the conventional sharp indentation analysis
cannot be applied directly to the blunt tip at a small-scale. There-
fore the indentation depth is generally larger than one tenth of the
ﬁlm/nanobelt thickness to obtain the exact properties (Wang et al.,
2010a,b; Zhao et al., 2007). On the other hand, the indentation
depth must be limited to avoid excessive substrate deformation
for different materials and cracking, and it is chosen as one ﬁfth
of the ﬁlm/nanobelt thickness for simplicity as same as the previ-
ous report (Zheng et al., 2011).4.2. Numerical loading curves
According to the previous results on the materials constants
(Mao et al., 2003; Ni & Li, 2006), the broad spectrum of possible
material combinations 0.1 6 EL/ES 6 5.0, 0.1 6 ET/ES 6 5.0 and
0.1 6 GL/ES 6 2.0 are chosen as input parameters to simulate the
492 Y.-w. Tao et al. / International Journal of Solids and Structures 50 (2013) 487–497nanoindentation test, and Von-Mises stress in contour and the
numerical loading curves can be obtained. The former can indicate
whether the nanoindentation process is disturbed by the substrate,
and the latter will give an insight into how the various mechanical
constants of the nanobelt inﬂuence the shape of the numerical
loading curves. For brevity, ﬁve different combinations of normal-
ized mechanical constants are ﬁxed as EL/ES =
(0.12,0.27,0.38,0.5,0.65), ET/ES = (0.08,0.23,0.35,0.46,0.62) and
GL/ES = (0.08,0.19,0.27,0.35,0.46), so that 125 combinations of
the normalized mechanical constants of ET/ES, EL/ES, GL/ES are con-
sidered in the following forward analysis. The typical Von-Mises
stress in contour at EL/ES = 0.35, ET/ES = 0.38 and GL/ES = 0.27 is gi-
ven in Fig. 3(b). The Mises stress decreases continuously away from
the contact region in nanobelt, and there is discontinuousness atFig. 5. Under PMI mode the representative numerical maximum indentation load Fmax=ES
vs ET/ES (d), EL/ES (e), GL/ES (f) curves.the interface between nanobelt and substrate. When the maximum
indentation depth hmax is 27.5 nm as one ﬁfth of the nanobelt
thickness, the maximum compressive stress arrives at 13.57 MPa
at the tip contact point. Obviously, the stress decreases continu-
ously away from the contact region in the nanobelt while it is dis-
continuousness at the interface of nanobelt/substrate, indicating
that the nanoindentation process is slightly disturbed by the sub-
strate. At the 125 combinations of normalized mechanical con-
stants the normalized numerical loading curves were simulated
by ABAQUS software under PMI and PI modes, and the representa-
tive numerical loading curves at the ﬁve normalized modului ET/ES
are obtained at ﬁxed EL/ES = 0.27 and GL/ES = 0.35, as shown in
Fig. 4. From the respective numerical loading curves in Fig. 4, one
can ﬁnd that the normalized indentation load for PI mode is largerh2m vs ET/ES (a), EL/ES (b), GL/ES (c) curves, and the numerical loading curve exponent n
Y.-w. Tao et al. / International Journal of Solids and Structures 50 (2013) 487–497 493than that for PMI mode at any certain the normalized indentation
depth, indicating that it is attributed to piezoelectric effect of the
nanobelt.
For the normalized numerical loading curve as same as Fig. 4,
the numerical maximum indentation loads Fmax=ESh
2
m and the load-
ing curve exponents n were obtained by the least-squares method
according the power function Eq. (9), and as for two normalized
elastic moduli they were summarized as a function of the another
normalized elastic modulus. Given the combinations of normalized
elastic moduli, for the representative ﬁfteen numerical indenta-
tions the numerical maximum indentation load Fmax=ESh
2
m vs ET/
ES, EL/ES, GL/ES curves are given in Figs. 5(a)–(c) meanwhile theFig. 6. Under PI mode the representative numerical maximum indentation load Fmax=ESh
vs ET/ES (d), EL/ES (e), GL/ES (f) curves.numerical loading curve exponent n vs ET/ES, EL/ES, GL/ES curves
are given in Figs. 5(d)–(f) under PMI mode. Similarly, the numerical
maximum indentation load vs ET/ES, EL/ES, GL/ES curves are given in
Figs. 6(a)–(c) and the numerical loading curve exponent n vs ET/ES,
EL/ES, GL/ES curves are given in Figs. 6(d)–(f) under PI mode. In
Figs. 5 (a)–(c), the n decreases with the increase of the mechanical
constants ET/ES and EL/ES while increases with the GL/ES. In Figs. 5
(d)-(f), and the Fmax=ESh
2
m increases with the mechanical constants
ET/ES, EL/ES and GL/ES. Both of the n and Fmax=ESh
2
m vary slowly with
EL/ES. The n varies sharply with GL/ES and slowly ET/ES while the
Fmax=ESh
2
m by contrary. Comparing with Fig. 5 and Fig. 6, they are
similar except for that described as Fig. 6(c). The numerical2
m vs ET/ES (a), EL/ES (b), GL/ES (c) curves, and the numerical loading curve exponent n
Table 1
Fitting coefﬁcients of Eqs. (17) and (18).
Coefﬁcients in Eq. (17) Coefﬁcients in Eq. (18)
PMI mode PI mode PMI mode PI mode
p1 0.083731 0.050255 q1 2.331286 2.245819
p2 0.0093 0.011178 q2 0.06693 0.07531
p3 0.07577 0.050459 q3 0.21594 0.29977
p4 0.054636 0.05837 q4 0.076786 0.03294
p5 2.207761 2.712932 q5 0.93713 0.176267
p6 0.139539 0.15963 q6 0.482876 0.230098
p7 2.662106 1.087463 q7 2.408969 0.090578
p8 0.106656 1.343566 q8 0.97514 0.321454
p9 1.2326 1.09654 q9 0.16605 0.3598
p10 0.07237 0.222755 q10 0.025267 0.14395
p11 0.90406 0.45091 q11 1.35715 0.05691
p12 0.552392 0.76147 q12 0.52115 0.59606
Fig. 7. The ﬂow chart of the reverse analysis.
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2
m and the loading curve expo-
nent n can be obtained after the numerical loading curves are ﬁtted
as the power function F = Fmax(h/hm)n .
4.3. Establish of the dimensionless functions
A plenty combinations of the numerical maximum load
Fmax=ESh
2
m and numerical loading curve exponent n extracted from
the numerical loading curves will be used to determine the speciﬁc
form of dimensionless functions. According to Eqs. (12) and (13),
letting g  ET/ES, n  EL/ES and c  GL/ES, the dimensionless func-
tions can be written as
Fmax
ESh
2
m
¼ /ðg; n; cÞ ð15Þ
n ¼ wðg; n; cÞ ð16Þ
The polynomial formulas are randomly ﬁtted by the least-
squares method, and the equation styles are determined via the
good superposition as follows
/ðn;g; cÞ ¼ p1 þ p2nþ ðp3 þ p4nÞcþ ðp5 þ p6nÞgþ ðp7
þ p8nÞcgþ ðp9 þ p10nÞg2 þ ðp11 þ p12nÞcg2 ð17Þ
wðn;g; cÞ ¼ q1 þ q2nþ ðq3 þ q4nÞgþ ðq5 þ q6nÞcþ ðq7
þ q8nÞgcþ ðq9 þ q10nÞc2 þ ðq11 þ q12nÞgc2 ð18Þ
The coefﬁcients pi, qi (i = 1,2, . . .12) are listed in Table 1. The
power exponent n depends on the penetration depth because of
the substrate effect and it has been investigated in our previous re-
search (Wang et al., 2010). In the present method, the nanobelt
thickness t and the nanobelt width wmust be known to determine
the maximum indentation depth hmax as one ﬁfth of the nanobelt
thickness. This is a major shortcoming since the variable ﬁtting
coefﬁcients due to a different nanobelt thickness in Table 1 will
lead to a large number of simulations repeated during the forward
solutions. The emphasis of the present method is focused on the
mechanical properties of the single nanobelt, therefore the thick-
ness and width of the nanobelt are ﬁxed via the experimental
observation.
5. Reverse analysis
In the reverse analysis, the nanoindentation tests were per-
formed on the single ZnS nanobelt laid on silicon substrate, and
the indentation curve, the maximum indentation load Pmax and
the indentation modulus GL/ES can be automatically obtained by
the nanoindenter. According to the loading part of the experimen-tal indentation curve the modiﬁed power function described as Eq.
(9) can be ﬁtted by the least-squares method to determine the
experimental loading curve exponent nm. The reverse analysis
algorithm is schematic as the ﬂow chart in Fig. 7, which includes
the extraction of the experimental data, the setting on the combi-
nation range of unknown mechanical constants, the calculation on
the mechanical constant errors, the selection combination of the
smallest total error, and the output of the mechanical constants.
5.1. Reverse analysis algorithm
The loading part of indentation curve is nonlinear from the nan-
oindentation test. The constitutive equations Eq. (1) in modeling
are represented as the nonlinear electromechanical coupling char-
acteristics for transversely isotropic piezoelectric materials mean-
while the input parameters used in ABAQUS include the
anisotropic properties and piezoelectric properties during the for-
ward analysis. Therefore the forward solution is reasonable to esti-
mate the electromechanical properties for the nonlinear elastic
model.
The reverse analysis algorithm is schematic as the ﬂow chart in
Fig. 7. The maximum indentation load Pmax, the maximum inden-
tation depth hm, the loading curve exponent nm and the mean
Young’s modulus Em can be obtained from the experimental inden-
tation curves. When the Young’s modulus of the substrate and the
nanobelt sizes are given as Em = 40.8 GPa, w = 450 nm and
t = 140 nm, the unknown elastic parameters ET, EL and GL can be
determined by solving Eqs. (14), (17), and (18) in the reverse anal-
ysis. Within the wide ranges of ET, EL and GL, the errors of the three
equations in the ﬂow chart are calculated for each possible combi-
nation of the unknown parameters during the updating processes.
The etotal in the ﬂow chart is deﬁned as the summation of the abso-
lute values of the three errors, and the combinations of materials
properties leading to the smallest total error is selected as the
solution.
5.2. Application to single ZnS nanobelt
ZnS wool-like nanobelts were synthesized through thermal
evaporation of ZnS powders (Li et al., 2004). ZnS nanobelts
were dispersed in acetone by ultrasonication, and the solution
including ZnS nanobelts was dropped on the silicon substrate.
After drying at 120 C for 35 min in vacuum drying oven, ace-
Table 2
The mechanical constants (PMI/PI) of ZnS nanobelt.
Test hm (nm) Pmax (lN) nm ET (GPa) EL (GPa) GL (GPa) etotal (%)
1 27.5 67.0 2.14 36/28 45/53 11/62 0.73/0.74
2 27.6 68.0 2.19 35/28 46/53 22/46 0.95/0.86
3 27.0 66.4 2.16 35/26 46/55 18/50 1.47/1.01
Fig. 8. The indentation curves of three indentations for the single ZnS nanobelt.
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silicon substrate. By using the nanoindenter (Hysitron Triboind-
enter, Hysitron Inc., USA), the Berkovich indenter tip was used
to locate and image an individual nanobelt before in situ nano-
indentation, and indent on nanobelt was performed at the max-
imum indentation depth equal to one ﬁfth of the nanobelt
thickness. The indent with the same maximum indentation
depth hm repeated three times on the same nanobelt, and Pmax
and Em could be automatically obtained from the experimental
indentation curves as shown in Fig. 8. According to the loading
part of the experimental indentation curve, the modiﬁed power
function described as Eq. (9) can be ﬁtted by using Origin soft-
ware to determine the experimental loading curve exponent nm.
The experimental data are listed in Table 2.Fig. 9. The simulation loading curves of three indentations under PMI and PI modes
and the experimental loading curves for the single ZnS nanobelt.5.3. Determination of the mechanical constants
The reverse analysis algorithm in Fig. 7 is implemented by Mat-
lab software. The indentation parameters Pmax, hm, nm, Em and
Young’s modulus of the substrate Es are used as the input parame-
ters. When the combination ranges of unknown mechanical con-
stants are ﬁxed as 0.1 6 ET/ES 6 5.0, 0.1 6 EL/ES 6 5.0 and 0.1 6 GL/
ES 6 2.0, the total error can be calculated as the sum of the absolute
values of the three errors e1, e2 and e3 originating from Fmax=ESh
2
m, n
and Em. Comparing with the total errors, the smallest total errors
etotal are selected as etotal = 0.73%, 0.95%, 1.47% for PMI mode and
etotal = 0.74%, 0.86%, 1.01% for PI mode, and the corresponding
mechanical constants ET, EL and GL are summarized in Table 2.
The mechanical constants ET under PI mode is smaller than those
under PMI mode, however EL and GL under PI mode are larger than
those under PMI mode, in particular, the enormous distinction for
GL. It indicates that the piezoelectric effect has great inﬂuence on
the shear Young’s modulus of nanobelt, it could not be neglected
in the fabrication and design of nanodevices based on single piezo-
electric nanobelt.5.4. The method validity
In order to verify the validity, the mechanical constants under
PMI and PI modes are inputted into ABAQUS software to obtain
two computational loading curves and the loading part of the
experimental indentation curves of three indentations and compu-
tational loading curves are summarized in Figs. 9(a)–(c) for the
496 Y.-w. Tao et al. / International Journal of Solids and Structures 50 (2013) 487–497same ZnS nanobelt. From Fig. 9, the most of the simulation loading
curves for PI mode are closer to the indentation curve than those
for PMI mode, but a few of them for PMI mode look closer than
those for PI mode. For anisotropic materials, good match does
not necessary indicate that the estimated solutions are accurate.
During the forward analysis, if try changing the parameters a little,
one may also ﬁnd a good match, namely there can be different
combinations of moduli which may match well with the experi-
mental data. A single indentation curve seems not sensitive en-
ough to capture the change in moduli. However, according to
Fig. 7, the combination solutions of ET/ES, EL/ES and GL/ES are rela-
tive with the least total error etotal, and the numerical loading curve
far away from the experimental indentation curve will lead to the
different solutions with the large total error etotal for anisotropic
materials in the reverse analysis. Obviously, two simulation load-
ing curves are in good agreement with the loading part of the
indentation curve, therefore it is reasonable for the developed
method to solve the mechanical constants of single nanobelt.
The emphasis of the present method is focused on the mechan-
ical properties of the single nanobelt, therefore the thickness and
width are ﬁxed via the experimental observation on the nanobelt.
However, there is no method to build a dimensionless mesh during
the geometric modeling in frame of continuum mechanics, so that
the presented work had to be carried out on the ﬁxed sizes of nano-
belt. Evaluating the effect of aspect ratio for Young’s modulus of
nanobelt (Zheng et al., 2011), the dimensionless processing might
be used to improve a wider use of the present approach in our fu-
ture research.
The mechanical constants are ET = 123.5 GPa, EL = 129.9 GPa,
GL = 34.84 GPa for ZnS ﬁlm (Pandey et al., 2007) and ET = 90.1 GPa,
EL = 119 GPa, GL = 28.75 GPa for bulk ZnS (Cline et al., 1966), how-
ever according to Table 2 the average mechanical constants of
three indentation tests are ET = 35.3 GPa, EL = 45.7 GPa, GL = 17 GPa
for PMI mode and ET = 27.3 GPa, EL = 53.7 GPa, GL = 52.7 GPa for PI
mode for ZnS nanobelt. There are obvious distinction between
nanobelt and thin ﬁlm/bulk therefore it is necessary for us to
understand the size effect (Kulkarni et al., 2005). When the sample
size becomes smaller and smaller, more unsaturated surface atoms
exist for nanomaterial because of much higher surface-to-volume
ratio than those micro- and macro-scale counterparts (Ni & Li,
2006). The surface atoms are more active and can move more eas-
ily than the interior atoms. It makes the dislocation generation and
motion easier underneath the indenter, thereby leading to the
indentation displacement. Unlike the atoms locked in the lattice,
surface atoms are less constrained, thereby making the ZnS nano-
belt easier to deform in the elastic regime, and consequently lead-
ing to a lower elastic modulus (Li et al., 2005). This viewpoint could
be further supported by a recent molecular dynamics simulation
study on the size effect on the Young’s modulus of nanobelt (Kulk-
arni et al., 2005).6. Conclusions
We provide the developed method to determine the mechanical
constants of the single nanobelt by combining the nanoindentation
test and FEM analysis. To understand the piezoelectric effect on the
mechanical constants, the numerical loading curves are simulated
by extensive FEM simulation under PMI and PI modes to establish
the dimensionless equations related with the mechanical con-
stants of nanobelt/substrate system, then the indentation parame-
ters extracted from the indentation curve performed on ZnS
nanobelt are substituted into the dimensionless equations to solve
the mechanical constants. The results show that the mechanical
constants are ET = 35.3 GPa, EL = 45.7 GPa, GL = 17 GPa for PMI
mode and ET = 27.3 GPa, EL = 53.7 GPa, GL = 52.7 GPa for PI modefor ZnS nanobelt. The combination solutions of mechanical con-
stants under PMI mode is of larger total error than those under
PI mode, indicating that the piezoelectric effect could not be ne-
glected. The mechanical constants of ZnS nanobelt are smaller than
those of ZnS thin ﬁlm and bulk. The surface atoms of the nanobelt
with high surface-to-volume ratio make the nanobelt easier to de-
form in the elastic regime, and consequently leading to a lower
elastic modulus.Acknowledgments
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